Mathematical studies on the transfer of radioactive substances in an aquatic ecosystem are found in papers by Aten Jr.') and Iwai et al.2) However, their models are insufficient to describe a complex ecosystem, and have not been verified by experiments.
In the present paper, an application of an exponential mathematical model to radioactive contamination of organisms through a food chain in aquatic ecosystem is not only attempted by introducing a concept of a ration rate coefficient, but ex periments are performed to verify the validity of the model. And a physiological meaning of a mass transfer coefficient between preys and a predator organism is clarified.
TWO TROPHIC STEPS MODEL OF A FOOD CHAIN
The simplest model of a food chain is a three-compartment model of Aten's' as shown in Fig. 1 . Here, three compartments are sea water, Fish-1 (preys) and Fish-2 (a predator).
Mass transfer coefficients of one compartment (e. g., i-th) to another (e. g., j-th) are expressed as k;; in Fig. 1 . To the original model of Aten's, we have added two processes, an excretion of radioactivity of Fish-1 to sea water and a direct uptake of radioactivity by Fish-2 from sea water. The two proces ses are shown as arrows with dotted lines in the figure. In the Aten's model, radi oactivity concentration in Fish-2 is as follows, A2=Ae(1+ k 12-k20 e-k12t+ k201 k12 e-k2ot} The authors consider that the transfer of radioactive substances through a food chain takes place as mentioned in the next. Prey organisms (for example, Fish-1 in Fig. 1 ) take up radioactive substances at a constant rate proportionally to the concentration in the medium and the radioactve nuclides concentrated in the or ganisms are turned over proportionally to the concentration in the organisms. These parameters of an uptake coefficient and a turn over coefficient are expressed as k01 and k10 respectively.
Predator organisms (Fish-2 in Fig. 1 ) take up and turn over radioactive substances as being analogous to the case of prey organisms and they also take up radioactive nuclides through food chains. It is considered that excretion of the radioactive nuclides is proportional to the activity concentration in the organisms without distinction of the uptake routes of the nuclides. These transfer coefficients are expressed as k02, k12, and k20. If these assumptions are allowed, systems equations which represent the transfer of radioactive nuclides by the three-compartment model shown in Fig. 1 are expressed as follows,
where x0(t) is the activity concentration in environmental water (Ci/ml or cpm/ml), x1(t) is the activity in the prey organism (Ci/g or cpm/g), x2(t) is the activity in the predator organism (Ci/g or cpm/g), and 2 is the physical decay constant (1/day), at arbitrary time t respectively.
For long-lived nuclides, 2 is neglected in this paper because it is very small comparing with k10 and k20. Next, let us discuss about a physiological meaning of the mass transfer coef ficient k12 from the prey to the predator.
The transfer rate equation and the mass valance equation of the radioactive substances which are taken up by the predator eating the prey organism are expressed as follows, respectively,
where M2 is the weight of the predator (g), M1 is the daily average ration which is taken up by the predator (g/day), and 0 is the assimilation rate of the radioac tive nuclides.
The assimilation rate is defined as follows, _ Total uptake-Excretion Residue in the fish body (6) 6
Total uptake Total uptake
From equations (4) and (5), the mass transfer coefficient from the predator to the prey k12 is represented as follows, k12=B• M1 (7)
M2
Since the coefficient k12 is limited by the magnitude of the daily average ration as shown in equation (7), the coefficient is named a ration rate coefficient. When 2 is neglected and the activity concentration in environmental water is constant, the solutions of systems equations (2) and (3) under the initial conditions, xl(t)= X2(t)=O at t=0, are expressed as follows, XI(t) = k°o (1-e-k~ot)xo (8) (1-e-kzot)xo+k01k12 + xo (9 ) X2(t) = k 2o i kl kzo klo(klo otk20) + k20(k2O-klo) I
where x0 is the constant activity concentration in environmental water. The first term of the right-hand member in equation (9) represents the accumulation of the nuclide caused by the direct uptake from environmental water and the second term represents that of the nuclides caused by the food chain. As the same way above, when the activity in environmental water is expres sed as xo(t) =xoe-at, the solutions are represented as follows, XI (t)= k kol a (e-at _e-klot)xo
-at X2(t) = k 20-a (e-at_e-k20t)xo+ko1k12I (k10-a)(k20-a)
If the parameters in equations (9) and (11) would be obtained from the experi ments and the ecological investigations of the aquatic environment, the activity concentration in the predator organisms could be estimated by calculating accord ing to the equations derived so far.
METHODS AND RESULTS
The following experiments which would satisfy the three-compartment model were performed to verify that the transfer of radionuclides through a food chain is expressed by the exponential model mentioned above. Since one individual is considered one compartment in the model described in the previous section, 131Cs was chosen as a tracer nuclide.
It is because that 137Cs is considered to be uniformly distributed in the body of the fish as compared with other radionuclides.
Top minnows (body length 2-3 cm, weight 0.1-0.3g) and pike cichlids (body length 4.5-5.5cm, weight 1.5-2.5g) were used as prey organisms and predator organ isms in these experiments, respectively. The former are raised in an aquarium containing 50 liters of fresh water and the latter are raised in the perforated polyacryl container placed in an aquarium containing 300 litters of fresh water. The aquarium in which the predator organisms are raised is designed to have a double structure so that excretion of the fish drops to the under part of the aqua tium through the net sticked on the bottom of the upper aquarium so as not to be uptaken by the fish. In order to compare the direct uptake of the activity from water and the indirect uptake from food organisms to the predator, one group of the predators was daily fed one minnow raised in the water contaminated with 137Cs
, and another group of the predators was fed with a non-radioactive minnow during the experiment.
Minnows, the prey organisms, were not fed during and five days prior to the experiment. The results of the experiments are shown in Fig. 2 . During the experiments, the activity concentration of 137Cs in environmental water was maintained constant at about 450 cpm/ml.
The aquarium was kept at room temperature (18-20°C). The water quality is shown in table-1.
The concentration in fish is normalized by dividing the concentration with that in environmental water. The activity con centration in the fishes is taken the average of five individuals.
On the other hand, in the single feeding experiment, five fishes were raised in non-radioactive water to obtain an assimilation rate of 137Cs for pike cichlid. The fishes were administerd a highly radioactive minnow concentrated preliminarily with 137Cs. Minnows, the prey organisms, raised in the water contaminated with 137Cs , were periodically sampled out of the aquarium for analyses. They were washed out with tap water, weighed, counted of the activity, and then administered daily one by one to each of the predator organisms.
Pike cichlids, the predator organisms, were, also periodically sampled and anaesthetized with a narcotic for a cold-blooded animal (meta aminobenzoic acid ethylester methanesulfonate, MS 222), and then while anaesthetizing, they were weighed, counted of the activity, and put back in the aquarium. After a while, they awoke from their anaesthetization, and then were fed as mentioned above. After excretion of faeces on the next day, whole body counting of the fish was carried out. All samples were measured of a discriminated energy peak in r-ray of 137Cs by using a multichannel gamma spec trometer as a whole body counter.
The values of 0 and k12 were obtained from equations (6) and (7). The results of this experiment are shown in table-2. Mani fold parameters were obtained from the experimental values shown in Fig. 2 by the method of least squares. These are shown in table-3. The theoretical activity concentration in the fishes were calculated from equations (8) and (9) by substi tuting the values of these parameters.
The theoretical curves are shown by solid lines in Fig. 2 . From these results, it is found that the transfer of 137Cs through a food chain is well depicted by using the compartment model. Table 2 . Assimilation rate for 137Cs in pike cichlid k12= 0 iMz =0.044 Table  3 . The values of parameters obtained from the experiment
